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ABSTRACT
In the present paper, we model the wind of solar analogues at different ages to in-
vestigate the evolution of the solar wind. Recently, it has been suggested that winds
of solar type stars might undergo a change in properties at old ages, whereby stars
older than the Sun would be less efficient in carrying away angular momentum than
what was traditionally believed. Adding to this, recent observations suggest that old
solar-type stars show a break in coronal properties, with a steeper decay in X-ray lumi-
nosities and temperatures at older ages. We use these X-ray observations to constrain
the thermal acceleration of winds of solar analogues. Our sample is based on the stars
from the ‘Sun in time’ project with ages between 120-7000 Myr. The break in X-ray
properties leads to a break in wind mass-loss rates ( ÛM) at roughly 2 Gyr, with ÛM (t
< 2 Gyr) ∝ t−0.74 and ÛM (t > 2 Gyr) ∝ t−3.9. This steep decay in ÛM at older ages
could be the reason why older stars are less efficient at carrying away angular mo-
mentum, which would explain the anomalously rapid rotation observed in older stars.
We also show that none of the stars in our sample would have winds dense enough to
produce thermal emission above 1-2 GHz, explaining why their radio emissions have
not yet been detected. Combining our models with dynamo evolution models for the
magnetic field of the Earth we find that, at early ages (≈100 Myr) our Earth had a
magnetosphere that was 3 or more times smaller than its current size.
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1 INTRODUCTION
Solar analogue stars lose angular momentum and mass
through stellar winds. These magnetised winds determine
how the rotation of a star will decay with time (Weber &
Davis 1967; Vidotto et al. 2011), although the exact pro-
cesses behind this occurrence is not fully understood. These
winds are assumed to be homologous to the solar wind at
different ages, which is composed of a fully ionised plasma
that streams outwards from the Sun (Parker 1958). As these
stars similar to our own Sun age, various properties seem
to evolve over time, such as rotation and magnetic activity
(Skumanich 1972; Dorren & Guinan 1994; Ribas et al. 2005;
Guinan & Engle 2009; Vidotto et al. 2014). Since the mag-
netic activity of a star is one of the preeminent factors de-
termining how active the stellar wind is (Wood et al. 2002),
it suggests that the stellar wind will also trend in a similar
fashion.
? Email: ofionnad@tcd.ie
1.1 Evolution of stellar activity
Stellar magnetic activity is observed to decline with age and
rotation (Skumanich 1972; Ribas et al. 2005; Vidotto et al.
2014). There are many proxies for the activity of a star
such as rotation, magnetism, chromospheric emission and
X-ray luminosity. In recent years, there has been a surge in
observation-based research suggesting a break in solar ana-
logue activity as stars cross a certain rotation or age thresh-
old. van Saders et al. (2016) modeled a set of 21 older stars
that have been observed by Kepler and reported the ab-
normally rapid rotation in older main sequence (MS) stars,
which does not agree with previous period-age relations.
They suggested that magnetic braking seems to weaken sig-
nificantly in evolved MS stars at Rossby number1 Ro ≈ 2,
which they assumed corresponds to when the stars reach an
age of ≈ 2-4 Gyr. Since the rate of angular momentum loss is
related to the mass-loss rate (Weber & Davis 1967; Vidotto
et al. 2014), this break in angular momentum loss is likely
1 Ro represents Rossby number, which is the ratio between stellar
rotation and convective turnover time. Ro = Prot/τconv
© 2017 The Authors
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to be associated with a decline in mass-loss rate ( ÛM). We
investigate this further in the present work. Recently, Booth
et al. (2017) have shown that X-ray luminosity declines more
rapidly for stars older than ≈1 Gyr. They found a steep
decrease in the age-activity relationship and suggested this
could be due to increased stellar spin-down. Their explana-
tion, however, contradicts the findings of van Saders et al.
(2016) which found unusually high rotation rates in older
stars. Here, we present a way to simultaneously explain the
observations from Booth et al. 2017 and van Saders et al.
2016; our suggestion is that the observed decrease in X-ray
luminosity is linked to a weaker stellar wind, which removes
less angular momentum and thus, allows for higher rotation
rates in older stars, as seen in Kepler observations. Metcalfe
et al. (2016) examined chromospheric activity observations
from calcium lines of solar analogues. They suggested that
the break in activity is caused by a change in the dynamo
properties at approximately the solar age which is related
to the break observed by van Saders et al. (2016). Kitchati-
nov & Nepomnyashchikh (2017) recently demonstrated that
by switching off the global dynamo once a critical rotation
period is reached, a similar decline in stellar spin down and
magnetism can be achieved for older stars. Vidotto et al.
(2014) (Figure 2 within) showed that there is a trend in sur-
face averaged magnetic field with age for solar-type stars, a
power law dependence was found but there is an apparent
drop in magnetic activity for stars older than ≈2-2.5 Gyr.
Another break in behaviour in solar-type stars is presented
by Beck et al. (2017) (Figure 5 within). They have shown
that there is a break in lithium abundances in solar analogue
stars which drift beneath a surface rotation velocity of ≈ 2-3
km/s. Each of these works suggests that there exists a tran-
sition between regimes for aged low-mass stars past 1 Gyr.
While the nature of this transition has not yet been entirely
defined, there is enough evidence for further investigation.
Thermally-driven winds are effected by the tempera-
ture at their base, with higher temperatures leading to faster
winds. Currently, defining the temperature at the base of the
wind of solar-type stars is not possible through observations
and we must rely on empirical methods. Johnstone & Gu¨del
(2015) took coronal temperatures of low-mass main sequence
stars and showed how they they are correlated to X-ray sur-
face fluxes (Telleschi et al. 2005). Here, we find additional
evidence that the coronal temperatures of solar-like stars
show a steeper decay for older, slowly rotating stars (Fig-
ure 1). Coronal temperatures are from Johnstone & Gu¨del
(2015), with rotation rates taken from Raassen et al. (2003);
Telleschi et al. (2005); Wood & Linsky (2006, 2010); Gu¨del
(2007); Vidotto et al. (2014). We have excluded M dwarfs
from their sample, so as to limit the trend found to solar-
type stars. Figure 1 shows that there is an evident break in
coronal temperature at ≈ 1.4 Ω. This break in behaviour at
lower rotation rates results in power laws over two different
regimes
Tcor (Ω < 1.4 Ω) ∝ Ω1.20 (1)
Tcor (Ω > 1.4 Ω) ∝ Ω0.37. (2)
The Ω ≈ 1.4 Ω break occurs at ≈2 Gyr for the sample of
stars used, which is around the same age as those found
by Booth et al. (2017) (≈1 Gyr) and not dissimilar to ages
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Figure 1. Average coronal temperature (Tcor ) values derived
from X-ray observations (Johnstone & Gu¨del 2015) show a strong
correlation with rotation (broken red line). This relation was
scaled down to give a base wind temperature, which we use for
our simulations. This break in temperatures occurs at 1.4 Ω, and
while the physical mechanism for this break is not understood, it
would imply some transition between regimes for solar-type stars.
Interesting to note is that the Sun (, representing solar average
in the solar cycle) has just evolved past this transition. Both fits
are shown in Equations (1), (2), (6) and (7). The statistical sig-
nificance of these fits are discussed further in appendix A.
found by van Saders et al. (2016) (≈ 2-4 Gyr). Although
these values are not identical they are a good match con-
sidering limitations in age constraints on these stars. From
convective turnover times for solar mass stars (Kiraga &
Stepien 2007), we find this break occurring at Ro = 1.14.
Note that, the break in behaviour here is inherent to older
solar-type stars above ≈ 1-2 Gyr. This argument does not
preclude the existence of a suggested sudden change in ro-
tational braking at young ages, e.g. Johnstone et al. (2015a)
and Gondoin (2017).
1.2 The Sun in time project
The ‘Sun in Time’ project is used as the basis for selecting
our sample for our study, discussed further in Section 2.1.
The project was created to explore the life-long activity evo-
lution of our own Sun, from when it reached the main se-
quence, by studying a group of solar-mass stars (e.g. Gu¨del
2007). Dorren & Guinan (1994) looked at the optical and UV
Sun in time, from which they could infer declining trends in
activity with age. Gu¨del et al. (1997) examined how the high
energy radiation (X-ray and ultraviolet) emitted from the
Sun has evolved over time. They used X-ray observations of
nine solar-like G type stars to probe their coronae and used
this as a proxy for an evolving Sun. Since these high energy
fluxes can be connected to coronal activity, they derived
trends in coronal temperature and emission measure with
rotation and age of these solar analogues (see also Telleschi
et al. 2005). Ribas et al. (2005) built on this previous work
and investigated how these high irrandiances would effect
planetary atmospheres. The Sun in time project inspired
our investigation on how the solar wind has evolved during
MNRAS 000, 1–11 (2017)
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the main sequence. Understanding how the wind of the Sun
has evolved is an important step in understanding the long-
term evolution of the planets in the solar system, including
the Earth and the development of life (see e.g. Chassefie`re
& Leblanc 2004).
1.3 Planetary environments
Stellar winds originate at the stellar surface and interact
with all bodies in their path as they expand into the inter-
planetary medium, up to the astropause. Therefore, simi-
larly to planets in our solar system, exoplanets are expected
to react to changes in the wind. In the solar system, the
Earth has the largest magnetosphere of the terrestrial plan-
ets. This magnetosphere shields the Earth from the harmful
solar wind and also dynamically changes with the evolv-
ing solar wind (Cravens 1997; Bagenal 2013) and planetary
dynamo. If the wind of the Sun changes on evolutionary
timescales, then it is expected that the Earth’s magneto-
sphere will evolve on similar timescales. In practicality this
will also be effected on timescales related to the changing
internal planetary dynamo (Zuluaga et al. 2013). This will
have significant effects along the evolution of the Earth re-
garding retention of its atmosphere. Any erosion of atmo-
sphere would also have significant implications for the devel-
opment of any life on a planet (Chassefie`re & Leblanc 2004).
Mars possesses an induced magnetosphere, which does not
originate from the interior of the planet, but rather the build
up of ions near the ionosphere where the wind impacts the
upper atmosphere producing currents and their own mag-
netic field (Bertucci et al. 2011).
The goal of this paper is to construct an overall pic-
ture of solar wind evolution by modeling winds of solar-
analogues. Our models predict stellar mass-loss rates, wind
radio emission and can be used to predict how the local envi-
ronment around the Earth evolves with time. In Section 2 we
define the model used for these winds and the input param-
eters required. We describe the sample of stars used, and
how we calculate radio emission from each of their winds.
Section 3 describes the results we find for global wind prop-
erties. This includes mass-loss rates and radio emission from
the winds and local wind properties, which focuses on the
local conditions around a fictitious Earth orbiting each of
the stars in our sample. In Section 4 we include a discus-
sion on the results and their significance compared to other
works. We finalise by drawing conclusions from this work
and summarising in Section 5.
2 STELLAR WIND MODELING
The first work to propose that stars undergo mass loss was
Parker (1958). He suggested that the solar wind is in hy-
drodynamical expansion. However, the isothermal nature of
Parker winds leads to excessive acceleration of the wind as it
expands radially, leading to exaggerated wind velocities and
temperatures at distances far from the solar surface. Poly-
tropic models alleviate this issue as they do not constrain the
wind to being isothermal, which allows a more reasonable
representation of the wind at further distances (Keppens
& Goedbloed 1999). Here, we present one-dimensional (1D)
thermally-driven hydrodynamic wind model that is used to
compute the steady state solutions of the winds of stars from
the ‘sun in time’ sample (Table 1). We do not explicitly in-
clude magnetism in the wind equations, but we note that
its presence is implicitly assumed as the cause of the MK
temperatures of the winds. Polytropic winds follow the mo-
mentum equation
v
dv
dr
+
1
ρ
dp
dr
+
GM?
r2
= 0, (3)
where v is the velocity of the wind, ρ is the mass density
of the wind, p represents the pressure of the wind, M? is
the stellar mass, G is the gravitational constant and r rep-
resents distance from the stellar centre. The first term in
Equation (3) represents the acceleration of the wind, which
is produced by the pressure gradient and gravity (second
and third terms respectively). Since the wind in this case is
polytropic, the temperature and pressure change with den-
sity
T = T0
(
ρ
ρ0
)Γ−1
, p = p0
(
ρ
ρ0
)Γ
, (4)
where Γ is the polytropic index, and represents the energy
deposition in the wind (when Γ = 1 the wind is isother-
mal). T0, p0 and ρ0 represent the base temperature, pressure
and density of the wind respectively. Methods of defining
base temperature and density are discussed in Sections 2.2
and 2.3. Our 1D wind model assumes a spherically symmet-
ric, steady wind, that behaves similarly to the Parker wind
solution (Parker 1958), except the energy deposition in the
wind is altered to be less than that of an isothermal wind.
This change in energy deposition slows the expansion of the
wind as Γ is increased, giving rise to slower, denser winds.
It begins with a subsonic flow, which transitions to a super-
sonic flow once it passes through the critical radius (known
as the sonic point):
rc =
GM?
2Γ[a(rc)]2
, (5)
where a(rc) is the sound speed at the sonic point. To bench-
mark our simulations of the ‘solar wind in time’, we constrain
the parameters of our model so as to best reproduce the solar
wind properties. The Sun is the only star for which we have
direct wind measurements. In the solar wind, Van Doorsse-
laere et al. (2011) derived an effective polytropic index of
Γ=1.1. Numerical models of solar-type stars usually adopt a
range of 1.05 to 1.15 for Γ (Matt et al. 2012; Johnstone et al.
2015a,b; Vidotto et al. 2015; Keppens & Goedbloed 1999).
In our model, we adopt a value of 1.05. To further reproduce
observations of the solar wind, we adopt a base wind den-
sity of 2.2 × 108 cm−3, which is consistent with observations
of coronal hole densities (Warren & Brooks 2009). We use
a wind base temperature of 1.5 MK, which, in conjunction
with our Γ = 1.05, reproduces the solar wind velocities ob-
served at the Earth, v⊕ = 443 kms−1, which is consistent
with observations (McComas et al. 2008; Usmanov et al.
2014). Our model predicts a number density of 10.5cm−3 at
the Earth’s orbit, which is also consistent with observations
(Murdin 2000; Bagenal 2013; Usmanov et al. 2014). At the
martian orbital distance, we find a wind density and veloc-
ity of 12 cm−3 and 450 km/s. These model values agree with
observations made by the MAVEN spacecraft (Lee et al.
2017). Finally, our model predicts a solar wind mass-loss
MNRAS 000, 1–11 (2017)
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Table 1. Sample of stars used in the present study: This sample is
similar to that used in The Sun In Time sample (Gu¨del et al. 1997;
Gu¨del 2007), with the omission of β Hyi and 47 Cas B. Values are
mostly taken from Gu¨del (2007); Vidotto et al. (2014). The X-ray
luminosity of the sun here is considered to be between maximum
and minimum. Errors in age shown can be found in a) Stauffer
et al. (1998), b) Lo´pez-Santiago et al. (2006), c) King et al. (2003),
d) Perryman et al. (1998), e) Mamajek & Hillenbrand (2008), f)
Liu et al. (2002), g) Ramı´rez et al. (2014), h) Metcalfe et al.
(2015).
Star M R Prot Age log[LX ] d
(M) (R) (d) (Gyr) (erg/s) (pc)
EK Dra 1.04 0.97 2.77 0.12±0.008a 29.93 34.5
HN Peg 1.10 1.04 4.55 0.26±0.046b 29.00 17.95
χ1 Ori 1.03 1.05 4.83 0.5±0.1c 28.99 186.0
pi1 UMa 1.00 1.00 5 0.5±0.1c 28.97 14.36
BE Cet 1.09 1.00 12.4 0.6±0.05d 29.13 20.9
κ1 Cet 1.03 0.95 9.3 0.65±0.05e,d 28.79 9.14
β Com 1.10 1.10 12.4 1.6+0.9−0.1
e 28.21 9.13
15 Sge 1.01 1.10 13.5 1.9+1.1−0.9
f 28.06 17.69
18 Sco 0.98 1.02 22.7 3.0+0.2−0.6
g 26.8 13.9
Sun 1.00 1.00 27.2 4.6 ≈27 1 AU
α Cen A 1.10 1.22 30 5.5+0.0−0.8
e 27.12 1.34
16 Cyg A 1.00 1.16 35 7.0±0.3h 26.89 21.1
rate of 3.5 × 10−14M yr−1, which reproduces the observed
values presented in Wang (1998).
2.1 Solar wind in time sample
The sample for this study was selected by basing it off the
original Sun in Time project (Gu¨del 2007; Guinan & Engle
2009). We omitted β Hyi as it has a radius of nearly twice
that of the Sun, this gives it a much lower log(g) which im-
plies that it is no longer on the main sequence (MS). 47
Cas B was excluded from the study as it does not have very
well constrained parameters such as mass, radius or rotation
period (Gu¨del 2007). It is also the secondary of a close bi-
nary system 47 Cas with an orbit of semi-major axis 1.32
AU (Gudel et al. 1998). The stars treated here are all G0-5
type stars in the MS phase. The Sun is also included in our
dataset. Table 1 lists the most relevant quantities (mass, ra-
dius, rotation, age and X-ray luminosity) of these stars for
this work. Studying these solar-analogues over a wide range
of ages enables us to explore how the solar wind has evolved.
Age ranges are included in Table 1 and Figure 2. Since the
stars have different methods of age determination, they have
varying degrees of accuracy in their ages. We note, however,
that this particular sample of stars is very well studied in
the literature and their ages are relatively accurate. The pre-
ferred fit for our data is with rotation as it is more precise,
but we also include the fit with age.
2.2 Temperature-Rotation Relation
Unfortunately, observations cannot constrain the values for
base wind temperature and density, which are fundamen-
tal input parameters for our model. There has been signif-
icant research into constraining base temperature and den-
sity, usually by assuming they evolve with age or rotation
or other stellar attributes (e.g. Holzwarth & Jardine 2007;
Cranmer & Saar 2011). Here, we use the X-ray-rotation re-
lation presented in Figure 1 of this paper to observationally
constrain the base wind temperature. Although the X-ray
emission and wind acceleration are believed to originate at
different locations (closed and open magnetic field regions,
respectively), both phenomena are magnetic in nature and,
therefore, it is expected that changes in closed regions would
also affect changes in open regions. We assume that the tem-
perature of the corona of solar type stars is related to the
temperature at the base of the wind. The model we use is
fitted to a piece-wise function around the value of 1.4 Ω.
The relation we find for Tcor was scaled down to correspond
to observed solar wind temperatures near the base. As a
result, a factor of 1.36 difference between coronal tempera-
tures and base wind temperatures for all stars in our sample
was found, shown in Table 2.
T0 (Ω < 1.4 Ω) = 1.5 ± 0.19
(
Ω?
Ω
)1.2±0.54
MK (6)
T0 (Ω > 1.4 Ω) = 1.98 ± 0.21
(
Ω?
Ω
)0.37±0.06
MK (7)
These relations are shown as solid lines in Figure 1. The er-
rors in the exponents arise from fitting. Note that a single
fit to the coronal temperature data is also possible, but pro-
vides a larger χ2. In light of the recent works presented in
Section 1.1 (e.g. van Saders et al. 2016; Booth et al. 2017;
Beck et al. 2017), we proceed with the broken power law
fit throughout this paper. Appendix A shows the results one
would have obtained, in the case a single power law had been
adopted.
2.3 Density-Rotation Relation
Currently, there is no available method to accurately define
the density at the base of the wind, making it a difficult pa-
rameter to prescribe for simulations. Observations of stellar
mass-loss rates would provide meaningful upper limits to the
base density, but these are available for only a small sample
of stars (Wood et al. 2014). Ivanova & Taam (2003) find
a relationship between rotation and coronal density (Equa-
tion (8), also used by Holzwarth & Jardine 2007; Re´ville
et al. 2016), from X-ray luminosity observations. We adopt
this relationship for the density at the base of the wind for
our simulations (Table 2).
n0 = n
(
Ω?
Ω
)0.6
. (8)
where n represents number density and is related to mass
density by n = ρ/µmp, where µ = 0.5 is the mass fraction of
a fully ionised hydrogen wind and mp is the proton mass.
2.4 Radio emissions from stellar winds
One possible way of estimating wind densities (and mass-loss
rates, ÛM) is by detecting these winds at radio wavelengths.
The plasma that makes up stellar winds can emit in radio
through the process of thermal bremsstrahlung from ionised
plasma. This originates from the inner regions of the wind,
where the density is highest (Panagia & Felli 1975; Wright
& Barlow 1975; Lim & White 1996; Gu¨del 2002). We can
estimate the level of thermal radio emission from these winds
using our model. According to previous studies by Panagia &
MNRAS 000, 1–11 (2017)
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Felli (1975); Wright & Barlow (1975); Gu¨del (2002); Vidotto
& Donati (2017) the radio flux produced by a wind is:
Sν = 10−29A(α)R2?
[
5.624 × 10−28I(α)n20R2?
] 2
2α−1
×
[
ν
10GHz
]β
×
[
T0
104K
]λ
×
[
d
1kpc
]−2
mJy, (9)
where the functions I(α) and A(α) are
I(α) =
∫ pi/2
0
(sinθ)2(α−1)dθ, (10)
A(α) = 1 + 2
∞∑
j=1
(−1)j+1 τ
j
c
j! j(2α − 1) − 2 . (11)
The indices β and λ in Equation (9) are defined as
β =
−4.2
2α − 1 + 2, λ =
−2.7
2α − 1 + 1, (12)
with τc = 3 and θ representing colatitude in radians. The
wind density decay index, α is defined as
n = n0
[
R?
r
]−α
. (13)
The density decay index will eventually become α = 2 as the
wind reaches asymptotic terminal velocity. Since the radio
emission originates near the base of the wind, the α param-
eter is likely to be greater than 2. For each star we found α
by estimating the rate of density decline in the 1-5 R? range.
This range should account for the majority of “stronger” ra-
dio emission, as it is the densest region. It is important to
note that the estimation of radio flux Equation (9) is based
on an isothermal wind, whereas in our model the wind is a
polytrope, allowing the temperature to vary as it expands.
This approximation for radio flux should give a good indi-
cation of flux from these stars as emission is only estimated
in the 1-5 R? range, within which the isothermal approxi-
mation is adequate.
The region where half of the emission occurs has a size
Rν
R?
=
[
4.23 × 10−27I(α)n20R?
] 1
2α−1
[
ν
10GHz
] −2.1
2α−1 [ T0
104K
] −1.35
2α−1
,
(14)
which we refer to as the ‘radio photosphere’ of the star.
This is an important parameter as it illustrates how close to
the star the emission will emanate and whether the wind is
optically thin, as described by Panagia & Felli (1975).
3 EVOLUTION OF GLOBAL PROPERTIES OF
THE SOLAR WIND
3.1 Mass-loss rate
Since the model parameters in Table 2 are dependent on
stellar rotation, we find in Figure 2 that the mass-loss rate of
stars is also dependent on rotation. The left panel of Figure 2
shows a mass-loss rate that increases with rotation, with a
break occurring at 1.4 Ω. This dependence is as follows,
ÛM (Ω < 1.4 Ω) = 6.3 × 10−14
(
Ω
Ω
)7.7±1.6
Myr−1 (15)
Table 2. Stellar wind properties for each of the simulated so-
lar analogues in our sample. Values are displayed for base wind
density, temperature and mass-loss rates (cf. Figure 2). The cho-
sen values of n0 and T0 for the solar wind are such to reproduce
observations (see text).
Star n0 (108cm−3) T0 (MK) ÛM(Myr−1)
EK Dra 8.8 4.7 1.4 × 10−11
HN Peg 6.6 3.9 6.9 × 10−12
χ1 Ori 6.3 3.8 8.8 × 10−12
pi1 UMa 6.2 3.7 7.3 × 10−12
BE Cet 4.8 3.2 3.1 × 10−12
κ1 Cet 4.3 3.0 2.0 × 10−12
β Com 3.6 2.7 1.9 × 10−12
15 Sge 3.4 2.6 2.1 × 10−12
18 Sco 2.5 1.9 2.8 × 10−13
Sun 2.2 1.5 3.5 × 10−14
α Cen A 2.1 1.4 4.5 × 10−14
16 Cyg A 1.9 1.1 8.1 × 10−15
ÛM (Ω > 1.4 Ω) = 6.3 × 10−13
(
Ω
Ω
)1.4±0.15
Myr−1 (16)
The mass-loss rate of solar-type stars is believed to decrease
with time as the star ages. This is due to stellar spin down
and a decrease in magnetic activity (e.g. Vidotto et al. 2014).
Our results show a similar behaviour as the Sun evolves.
However, our models predict a steep break in the mass-loss
rate at an age of 2 Gyr (Figure 2), as a result of the break
in Tcor with respect to rotation. The values of ÛM we find for
each star in our sample is shown in Table 2 and Figure 2,
and follow the relations
ÛM (t . 2 Gyr) = 5.0 × 10−10 t−0.74±0.19Myr Myr−1 (17)
ÛM (t & 2 Gyr) = 9.0 t−3.9±0.81Myr Myr−1 (18)
where tMyr is the age given in Myr. This shows, for example,
that a young Sun of 100 Myr would have a mass-loss rate
of 1.5× 10−11Myr−1, almost 2.5 orders of magnitude larger
than the current rate.
3.2 Radio emission from stellar winds
The densest parts of stellar winds might be able to produce
free-free emission at radio wavelengths. Recently, Fichtinger
et al. (2017) observed four stars, at 6 GHz and 14 GHz, using
VLA and ALMA, namely: EK Dra, χ1 Ori, pi1 UMa and κ1
Cet. Only two of these stars showed radio emission (EK Dra
and χ1 Ori), however this emission did not emanate from
their winds, but rather from the closed corona and flares.
For pi1 UMa and κ1 Cet no detections were made, which
allowed the authors to place upper limits on the mass-loss
rates of these winds (see also Vidotto & Donati 2017).
Table 3 shows the density fit parameters (α, β, γ) we
found for each star, with which we calculated radio emission
over a range of frequencies (Equations (9) to (12)). We also
computed the ‘radio photosphere’ size (Equation (14)) for all
the stars in our sample and found that all have their radio
photosphere inside the radius of the star at both 6GHz and
MNRAS 000, 1–11 (2017)
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Figure 2. Left: Calculated mass-loss rates (red crosses) using our 1D polytropic model as the star spins down. Right: Plot showing how
the mass-loss rate of the Sun would change as it ages. Included in our calculation is our estimation of the current solar mass-loss rate
() and the range of values calculated directly from observations (black solid line) (Wang 1998). Note the clear break in to a rapidly
declining mass-loss rate regime (grey shaded region) at 1.4Ω and ≈2 Gyr respectively. Errors in ages are shown as dotted black lines,
with sources described in Table 1.
Table 3. Radio properties of our wind models. Shown here are
values for α, which describes the behaviour of the density as a
function of distance. β and λ describe the radio emission de-
pendence on frequency and wind temperature respectively, which
themselves depend on α (Equation (12)). Outlined are results for
the critical frequency, νc , which describes the frequency below
which the wind becomes optically thick. Svc describes the radio
flux at each respective critical frequency.
Star α β λ νc (GHz) Sνc (µJy)
EK Dra 2.8 1.09 0.41 2.0 0.79
HN Peg 3.1 1.19 0.48 1.7 1.9
χ1 Ori 3.1 1.19 0.48 1.7 0.017
pi1 UMa 3.0 1.16 0.46 1.6 2.5
BE Cet 3.3 1.25 0.52 1.4 0.70
κ1 Cet 3.4 1.28 0.53 1.3 2.5
β Com 3.4 1.28 0.53 1.2 2.9
15 Sge 3.4 1.28 0.53 1.2 0.70
18 Sco 4.0 1.40 0.61 0.99 0.48
α Cen A 5.3 1.56 0.72 1.1 58
16 Cyg A 6.4 1.64 0.77 1.0 0.16
14GHz. This implies that their winds are optically thin and
do not emit at these frequencies. This agrees with the non-
detections reported by Fichtinger et al. (2017). To examine
this further we computed the cut-off frequency, νc (Table 3),
below which the radio photosphere surpasses the radius of
the star and the wind becomes optically thick (Wright &
Barlow 1975). From Equation (14), the critical frequency
below which these winds emit is given by
νc = [4.23 × 10−27I(α)n20R?]0.48
[
T0
104K
]−0.64
10GHz. (19)
We calculate the expected flux density emitted from the
wind at the same value of νc , given in Table 3 as Sνc. These
flux densities are quite low with the exception of α Cen A as
it is relatively close compared to the other stars. Note that,
the wind cannot emit at frequencies larger than νc . For stars
in our sample, the cut-off frequency is around 1-2 GHz, im-
plying that observations to detect these winds should be
conducted at frequencies lower than 1 GHz. Also important
to note is that, if the radio photosphere is very close to the
surface of the star, any thermal emission is likely dominated
by other stellar emission (i.e. coronal emission or flares).
From Equation (19), we find that νc is weakly depen-
dent on α and follows: νc ∝ n0.960 T−0.640 . Since our model
assumes that both base wind temperature and density rely
on rotation, we can relate this cut-off frequency to rotation
as
νc(. 1.4Ω) ∝ Ω−0.20. (20)
νc(& 1.4Ω) ∝ Ω0.33, (21)
This means that there is an inflection in the dependence
of νc with rotation. Although it is a weak dependence, it
suggests that the lowest critical frequencies occur for stars
at ∼1.4 Ω.
4 EVOLUTION OF THE LOCAL PROPERTIES
OF THE WIND
A direct output of our wind simulations is the local velocity
and density for the wind at the position of the Earth. There-
fore we can use these values to estimate the local velocity
and density of the wind surrounding an evolving Earth as
the system ages. The ram pressure that impinges upon an
evolving Earth is
Pram = ρ⊕v2⊕ . (22)
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This equation can be easily adopted to the martian case,
by changing velocities and densities to those in the martian
vicinity. In Figure 3 we show the local wind velocity, v⊕, the
local proton number density, np⊕, and the ram pressure, Pram
at the orbital distance of the Earth as the stars evolve (in
blue; the grey line represents the martian values). Evidently,
the break in stellar wind temperature, shown in Figure 1,
filters down to the local environment, which also displays a
break in behaviour as these systems age. This happens at
the age of 2 Gyr, denoted by a shaded region. This suggests
that the young solar wind exhibited typical wind velocities
of 103 km/s at the orbital distance of the Earth.
Once we know the ram pressure incident on the magne-
tosphere of the Earth, the magnetospheric standoff radius,
RM , at the sub-solar point can be calculated. This is done
by balancing the ram pressure of the wind to the magnetic
pressure of the planet’s magnetosphere (Cravens 1997).
RM
R⊕
= 1.4
[
B2p
8piPram
] 1
6
. (23)
RM is given here in planetary radii, Bp is the surface plan-
etary magnetic field at the equator, which we assume to be
the dipolar field only. The factor of 1.4 accounts for cur-
rents that develop near the magnetopause boundary and
produce their own magnetic fields (Cravens 1997; Bagenal
2013). Equation (23) shows a dependence on stellar wind
strength, which could have important ramifications for the
development of life, as the solar wind is expected to have
varied in the past on long timescales, as we have shown in
Section 3. A smaller magnetosphere can lead to escalated
atmospheric loss and reduced protection from the ionised
wind (discussed further in Section 5).
Figure 4 shows the trend in magnetospheric size for the
Earth, both with solar rotation and age. We calculate the
magnetospheric size considering the Earth’s magnetic field
to be constant with time (blue solid line) and varying with
time according to the model by Zuluaga et al. (2013) (pur-
ple dotted line). This model is constrained by magnetic field
measurements showing a 50% field strength for a 1 Gyr sys-
tem estimated by Tarduno et al. (2010). We can see that
both models differ only slightly, with the most significant
differences occurring around 1-2 Gyr, showing a spread of
just under 1 RM . In particular, we find at early ages, both
models predict magnetospheric sizes of ≈ 3 RE . This is un-
derstandable, considering the weak dependence on the plan-
etary magnetic field of 1/6, shown in Equation (23). We
find a small magnetospheric standoff distance of 3.0 RE for a
young Earth 100 Myr old, with the same planetary magnetic
field as today (Bp = 0.3 G). These standoff distances would
be similar to extreme modern day events, such as the 2003
Halloween storm (Rosenqvist et al. 2005), caused by coro-
nal mass ejections (CMEs). However, these transient CME
events last only on the scale of hours, but at 100 Myr, these
magnetosphere sizes would have been typical. Increased so-
lar activity at younger ages (e.g. CMEs) would further com-
press the young magnetosphere, resulting in even smaller
standoff distances. Younger stars are expected to be more
active and would be more likely to produce large and more
frequent transient events such as CMEs.
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Figure 3. Local parameters for the solar wind in the vicinity of
the Earth. We show local wind velocity (top) and proton density
(middle) as stars evolve. This results in a present-day solar wind
value (⊕) at the Earth of 443 km/s and 10.5 cm−3, respectively.
From these values we calculate the expected ram pressure (bot-
tom) impinging on the Earth as it evolves. Shown are best fits
to simulated values in separate regimes. Shown in grey are the
expected values for a martian proxy planet orbiting each star.
5 DISCUSSION
5.1 Global Properties
Since direct observations of mass-loss rate and radio emis-
sion from stellar winds are difficult to obtain, we can use
models to help understand the physical processes behind
these winds. These models can provide information on the
strength and location of the wind emission, therefore aiding
in observing these winds directly. Recently, there has been
research into the mass-loss rates of solar-analogue winds and
how they would effect an orbiting planet, including a young
Earth. While some work focuses directly on the Sun-Earth
interaction (Sterenborg et al. 2011), others focus more on
the stellar evolution of these types of stars (Wood et al.
2002, 2005, 2014; Cranmer & Saar 2011; Matt et al. 2012;
Fichtinger et al. 2017) and their effects on exoplanets (Vi-
dotto et al. 2012, 2013, 2015; See et al. 2014, 2017; Zuluaga
et al. 2016).
The main basis of our models is the temperature-
rotation relation we presented in Figure 12. This type of
2 Holzwarth & Jardine (2007) also derived a temperature-
rotation relation which is based on activity-rotation relation.
They attempted to constrain this dependence to a power law in-
dex, that lies somewhere between 0 and 0.5. They assumed a value
of 0.1 for their model. This is a much weaker dependence than we
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Figure 4. We observe trends in magnetospheric size with respect to rotation (left) and age (right). Blue x’s: Calculated standoff distances
with a constant planetary magnetic field of 0.3G. The solar-Earth scenario as it is currently, given as ⊕. Purple dashed line: This depicts
the standoff distances of the magnetosphere if the planetary magnetic field varied according to models described in Zuluaga et al. (2013).
relation between wind temperatures and X-ray observations,
which has a strong correlation, is unique in predicting the
winds of these stars. The break we find in wind temperature
filters through to the trend in stellar mass-loss rate (Fig-
ure 2). We see a clear decay in ÛM with stellar spin down and
aging, with a break in ÛM occurring at both 1.4 Ω and 2
Gyr respectively. Since our stellar wind models depend on
the base wind temperature, it follows that mass-loss rate
displays a similar trend.
Other models also predict a decay in mass-loss rate
with stellar evolution. Cranmer & Saar (2011) developed an
Alfve´n-wave driven model for predicting winds from cool,
late-type stars. They based their models on physically ob-
served parameters from 47 stars of types G, K and M. John-
stone et al. (2015a,b) employed a different approach and
used polytropic wind models to reproduce the rotational
evolution of solar-mass stars in open clusters. Both of the
models found a mass-loss rate for young suns (at an age of
100 Myr) that are 1-2 orders of magnitude smaller than our
predictions. However, for older stars, our predictions become
smaller than theirs, since our model shows a steep decay in
ÛM for stars older than ≈ 2Gyr. Note that Johnstone et al.
(2015b) assumed that the wind saturates for very young
stars (<600 Myr) in the fast rotating track. When plot-
ted in the Ω-age diagram, the stars in our sample follow
the 50th percentile track, as defined by Gallet & Bouvier
(2013), which implies that they would not be part of the
saturated regime explored by Johnstone et al. (2015b).
Regarding the mass-loss rate with age, in our models,
for ages younger than 2 Gyr, we found that ÛM ∝ t−0.74.
This is much flatter than the original dependence derived
by Wood et al. (2014) (t−2.33), which has been revised as
t−1.46 by Johnstone et al. (2015b). In their Alfve´n wave-
driven wind models, Suzuki et al. (2013) predicted t−1.23,
find here for the slower rotators, but their ranges are within the
values for the faster rotators.
while Cranmer & Saar (2011) predicted t−1.1. Given the un-
certainties in age measurements, our derived age-dependence
is consistent with these works. Note also that, if we were to
fit one single power law to a temperature-Ω relation, this
would imply that the wind mass-loss rate would not have
the change in regimes that we suggest, and the correspond-
ing age dependence would be t−1.36, a unique power law for
all ages. See et al. (2017) investigated the trends in mass-loss
rate with stellar age by adopting a potential field source sur-
face model. By doing so they could investigate the topology
of the coronal magnetic field of stars, including the extent
of open flux regions which in turn allows angular momen-
tum and mass-loss rates to be determined. They found lower
mass-loss rates than presented here for all overlapping stars
in our sample, but with a similar trend with age.
These mass-loss rates are important for solar and terres-
trial evolution, as it affects solar evolutionary models, which
in turn, directly effect the Earth through particle and radi-
ation flux. A famous problem arose when these models pre-
dicted that the Sun would have been 25-30% fainter than
it is today (Newman & Rood 1977; Gough 1981), leading
to a completely frozen Earth and Mars. Yet this prediction
is inconsistent with the evidence suggesting that there was
liquid water on the surface of both planets, implying plane-
tary temperatures were not freezing (Sagan & Mullen 1972).
This is called the faint young Sun paradox (Feulner 2012).
It leads us to the conclusion that there must be something
awry with the standard solar model or the estimates surface
temperatures of Earth and Mars. One solution to this issue
is if the mass-loss rate of the Sun was higher in the past than
expected. We integrated the mass-loss rate evolution calcu-
lated here and find that the Sun has lost 0.8% M since an
age of 100 Myr. Our model results in a higher mass-loss rate
at younger ages than previous models, while also predicting
lower mass-loss rates at older ages. Even with the increased
mass-loss rate from this model in the past, it does not solve
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the faint young Sun paradox, where a mass loss of 3-7% M
is required.
5.2 Local Properties
We have shown in Figure 4 that a young Earth orbiting a
young Sun would possess a significantly smaller magneto-
sphere. In our results for magnetospheric standoff distance,
we assumed that the magnetic dipole moment of the Earth
has remained the same up to this day. However it is believed
that this is not the case, although there is no consensus
on how it has changed or by what amount. Tarduno et al.
(2010) showed from ancient silicate crystals that the paleo-
magnetic field of the Earth was much weaker than today, and
estimated it to be 50-70% of the current strength. We took
a model which is constrained by these parameters and de-
scribes how the magnetic moment of the Earth has evolved
over time from Zuluaga et al. (2013). Using these values for
Bp, we calculated RM , shown as the purple dashed line in
Figure 4. This plot shows how significant the changes in the
Earth’s magnetic field can be over time, when calculating
RM . At 100 Myr we can see that the magnetosphere is ap-
proximately 2.8 R⊕ using a varying magnetic field, which is
almost the same size derived with a constant magnetic field
(3 R⊕). See et al. (2014) conducted a study into the effects
that winds from solar type stars have on magnetosphere sizes
of planets. They investigated how varying host star mass in-
fluenced the magnetospheric size and how this could effect
habitability on any Earth-like exoplanets. This work com-
plements the results of See et al. (2014) as it shows how
magnetosphere size will vary across different ages of solar
analogues. Both Vidotto et al. (2013) (M dwarfs only) and
do Nascimento et al. (2016) (κ1 Ceti) considered how stellar
winds effected the interplanetary medium and how this could
have impacted habitability on Earth-like exoplanets orbiting
these stars. Also of interest is Airapetian & Usmanov (2016),
who used 3D MHD Alfve´n wave driven models and found a
paleo-solar wind that is twice as fast and 50 times as dense
at 1AU at an age of 0.7 Gyr. We found very similar results
for the wind of 1.9 times the velocity and 58 times as dense
at 1AU for similar epochs.
For a stronger solar wind, the ‘polar opening’ region
of the young Earth’s magnetosphere, defined by the region
which is covered by open magnetic field lines that extend
into the magnetotail (in contrast to the closed dipolar mag-
netic regions in lower latitudes), can extend significantly fur-
ther down in latitude than it does presently (71.9◦, Tarduno
et al. 2010). We estimate that at an age of 100 Myr the polar
opening region would extend as far as 55-60◦ from the equa-
tor. This larger polar opening region would have many im-
plications for life developing on Earth, namely reduced pro-
tection from the harmful solar wind, and increased rates of
atmospheric loss, through the expansion of the atmosphere
and loss of volatiles. To intensify this effect, a younger Sun
would be expected to be more active, with increased flar-
ing rates and energy, potentially leading to additional atmo-
spheric loss.
Figure 3 also shows the local parameters of the wind
around Mars. This allows us to calculate the height of the
ionosphere, which acts to produce an induced magneto-
sphere above the martian surface. This is done by equating
the stellar wind ram pressure with the thermal pressure of
the martian atmosphere, taking today’s values for the latter
(7800 dyne/cm−2, Harri et al. 2014). We find a present day
value of 292 km, which is consistent with observations (Han-
son et al. 1977; Withers 2009). Assuming the current state
of the martian magnetosphere, which is very weak given the
lack of a global magnetic field, our models find the iono-
sphere height increases as the Sun-Mars system evolved, in
a similar fashion to the Earth’s magnetosphere size. It also
predicts that for the immediate future, the ionosphere height
will continue to grow. The change found in martian iono-
sphere height seems small compared to changes in Earth’s
magnetosphere over the same time period. We find a 42%
increase in ionosphere height for Mars from 100 Myr (218
km) to 7 Gyr (310 km). This is much smaller than the 324%
increase found in the Earth’s magnetosphere from 100 Myr
(3 R⊕) to 7 Gyr (12.7 R⊕). This arises due to the martian
ionosphere size depending on the inverted natural logarithm
of the wind ram pressure, giving a weaker dependence on
the solar wind.
6 CONCLUSIONS
We simulated winds of a sample of solar analogue stars using
1D polytropic models. We selected our sample based of the
‘Sun in Time’ program, which aimed to find a comprehen-
sive trend in the evolution of solar activity (Ribas et al. 2005;
Gu¨del 2007). We presented a new rotation-temperature re-
lation, that we used as an input for our simulations based
off X-ray observations from Johnstone & Gu¨del (2015). We
found a break in base wind temperatures at 1.4 Ω. This
leads to a sharp decline in wind temperatures as stars spin
down past this point. We found stars rotating slower than
this follow Twind ∝ Ω1.20, and stars rotating faster follow
Twind ∝ Ω0.37.
This dependence between the wind temperature and ro-
tation is rooted in the coronal temperature-rotation depen-
dence. Although both the wind and the corona originate
from different magnetic geometries (open and closed field
lines, respectively), they are both caused by magnetism and
therefore it is natural to assume that they will follow sim-
ilar trends. The base temperature of the stellar wind is an
important parameter for our simulations. It defines the rate
of acceleration of the wind as it is launched from the surface
of the star. Yet it is very difficult to constrain without di-
rect observations from the stellar winds, which leaves only
semi-empirical methods, which we employ here, to define the
temperatures of these winds.
We found that the rate of mass loss from these stars
seems to decline rapidly after 2 Gyr, with ÛM = 8 ×
10−15Myr−1 for a Sun of 7 Gyr. This steep decay in ÛM
could explain why older stars are inefficient at losing an-
gular momentum, as shown by the atypically high rotation
rates found in some older stars (van Saders et al. 2016).
Our simulations provided us with the necessary param-
eters to make estimations on the thermal bremsstrahlung
emissions from the winds of stars in our sample. We found
that their winds only become optically thick below their
critical frequencies, νc ≈ 1 − 2 GHz, which has a shallow de-
pendence on stellar rotation as follows: νc(> 1.4 Ω) ∝ Ω0.33
and νc(< 1.4 Ω) ∝ Ω−0.20. We presented estimates for their
fluxes at this critical frequency, Sνc (Table 3). These values
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are pivotal to observing these stellar winds, and could ex-
plain some non-detections by previous attempts (Fichtinger
et al. 2017). Equations (20) and (21) show that there is an
inflection in the rotation dependence of νc , although the de-
pendence is relatively shallow. Stars rotating faster than 1.4
Ω have higher cut-off frequencies.
We demonstrated the effects the aging solar wind has
had on the evolving Earth, showing a steep increase in the
growth of our magnetosphere since an age of 2 Gyr. We esti-
mated the size of the magnetosphere at young ages to be ∼3
R⊕ at 100 Myr. This could have had implications for devel-
opment of life due to the increased loss of atmosphere and a
decrease in shielding ability from the solar wind. We found
similar trends in the ionospheric height above the martian
surface, yet the effect is not as extreme.
Although the young Sun’s mass-loss rate had a shallow
decline up to 2 Gyr, the total mass lost is still quite small.
From our model we estimate a total mass loss of 0.8%M,
which is not enough to solve the faint young Sun paradox.
This paradox has been studied at length, and a total mass
loss of 3-7% is required to solve it.
Our model provides a semi-empirical method for deter-
mining base wind temperatures from X-ray observations of
stars, which, in turn, allows an in depth analysis of the wind
conditions surrounding these stars. Our current model did
not allow us to evaluate angular momentum losses. This will
be developed further by incorporating realistic distributions
of stellar surface magnetism. The work here will be the ini-
tial foundation of a forthcoming 3D study into the winds of
solar analogues.
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APPENDIX A: TCOR VS OMEGA: GOODNESS
OF FIT
In this work we present a fit between coronal temperature
data and rotation rate for our sample. We find that a broken
power law best describes the trend in data, although we note
that there are other possible fits to the data. Having carried
out reduced χ2 analysis on the goodness of fit, we find that
both the low-Ω and high-Ω fits shown in Figure 1 have re-
duced χ2 of 3.5 and 1.4 respectively, while a single power
law fit would have a reduced χ2 of 4.7. This would suggest
that the broken power law fit produces a better result than
a single power law. In addition, our choice of a broken power
law is more in line with recent results (e.g. van Saders et al.
2016; Metcalfe et al. 2016; Kitchatinov & Nepomnyashchikh
2017; Booth et al. 2017; Beck et al. 2017). We use this bro-
ken power law fit as an explanation as to why van Saders
et al. (2016) find anomalously high rotation rates in older
stars; we propose that these lower coronal temperatures will
lead to cooler winds, causing lower mass loss rates and there-
fore reduced angular momentum loss. Simultaneously, it also
agrees with the break in X-ray luminosities found by Booth
et al. (2017) in older stars.
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Figure A1. Comparison between a broken power law fit, which is
used in this work, shown in red and a single power law fit, shown
in blue.
For completeness we calculate the mass-loss rates that
would result from a single power law fit. Shown in blue in
Figure A1 is the fit produced by using a single power law to
fit the coronal temperatures with stellar rotation. We find a
relationship of Tcor ∝ Ω0.45 for a single power law. This value
lies between both values found for the broken power law
(1.14 and 0.38). A single power law results in much higher
temperatures as you move to slower rotators. We can see
how this fit affects the mass-loss rates in Figure A2. We
find that ÛM ∝ Ω2.34 and ÛM ∝ t−1.48. This fit produces lower
mass-loss rates than our previous broken fit for any stars
younger than the crossing point of both methods (≈ 5500
Myr or 8.5Ω). It also results in higher mass loss rates for
stars older than 5500 Myr, in our case only showing as an
increased mass-loss rate for 16 Cyg A. If this new ÛM-Age
relationship is integrated from 100 Myr to the present (4600
Myr), we find a total mass lost of 0.14% the current solar
mass.
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Figure A2. Plot similar to Figure 2 with the resulting mass-loss rate from a linear fit in Tcor-Ω (Figure A1) shown in grey. Other
symbols represent the same as in Figure 2. We can see this produces lower mass-loss rates in most cases, with the exception of 16Cyg A.
The relation for each fit is shown beside the fitted line.
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